Aims/hypothesis Diabetes accelerates the development of atherosclerosis, which critically involves the proliferation of vascular smooth muscle cells (SMCs). However, how high glucose treatment regulates SMC proliferation is controversial. Considering the established SMC heterogeneity, we hypothesised that glucose treatment may have distinct effects on proliferation of the various phenotypic SMCs. Materials and methods We tested this possibility using cloned spindle-shaped and epithelioid SMCs and laser scanning cytometry. Results Our results showed that glucose treatment significantly inhibited the serum-independent proliferation of epithelioid SMCs, but had no effect on the proliferation of spindle-shaped cells either with or without serum stimulation. Furthermore, glucose treatment inhibited DNA synthesis, as detected by bromodeoxyuridine (BrdU) incorporation, and increased the production of reactive oxygen species in epithelioid SMCs. The inhibition of BrdU incorporation by glucose treatment was mimicked by glucosamine and phorbol 2,13-dibutyrate, a protein kinase C (PKC) activator, and reversed by azaserine, an inhibitor of the hexosamine pathway. In addition, the inhibitory effects of glucose treatment were blocked by GF 109203X (a PKC inhibitor) and PD98058 (a MAPK/ERK kinase, MEK inhibitor), and by knockdown of MEK1 by small interfering RNA (siRNA). The addition of either GF 109203X or PD98058 also reduced the phosphorylation of MAP kinase induced by glucose treatment. Conclusions/interpretation Glucose treatment inhibits the proliferation of epithelioid, but not spindle-shaped, vascular SMCs through the activation of PKC and the MAP kinase pathway, suggesting that the effects of hyperglycaemia on vascular disease depend on the phenotype of SMCs involved.
Introduction
Atherosclerosis is a proliferative vascular disease that critically involves the proliferation of vascular smooth muscle cells (SMCs) [1, 2] . Diabetes is known to accelerate the development of atherosclerosis. Therefore, it is impor-tant to address whether direct effects of hyperglycaemia on SMC proliferation contribute to diabetic atherosclerosis. The way in which glucose treatment regulates the proliferation of vascular SMCs is still controversial: some studies have shown that glucose treatment stimulates the proliferation of cultured vascular SMCs [3] [4] [5] [6] [7] [8] [9] [10] , but others have shown that glucose treatment does not have such an effect [11] [12] [13] [14] . In vivo studies examining the proliferative response of medial and intimal cells in carotid arteries after balloon injury in rat models of type 1 and type 2 diabetes showed increased cell proliferation in type 2 diabetic obese Zucker rats, but not in streptozotocin-induced type 1 diabetic rats [15] . In a porcine model of diabetes-accelerated atherosclerosis, diabetes was shown to accelerate smooth muscle cell accumulation in atherosclerotic lesions, but glucose treatment did not have direct growth-promoting effects [16] . These data suggest that hyperglycaemia alone does not stimulate arterial cell proliferation. Interestingly, other studies have shown that balloon injury of arteries in type 1 diabetic rats [17, 18] or rabbits [19] results in decreased DNA synthesis, as shown by bromodeoxyuridine (BrdU) incorporation in SMCs compared with non-diabetic controls, suggesting that hyperglycaemia inhibits the proliferation of vascular SMCs. However, the underlying cellular and molecular mechanisms are not completely understood.
The heterogeneity of vascular SMCs has been well established in many species, including humans (reviewed in [20] ). This concept suggests that the blood vessel wall contains multiple SMC phenotypes, which may play distinct roles in the development of atherosclerosis and restenosis after angioplasty. Two phenotypes are present in cultured vascular SMCs [21] : spindle-shaped and epithelioid. Epithelioid SMCs have higher proliferation and migration activities [20] . Because these activities are critical in atherogenesis and cells derived from neointima lesions demonstrate an epithelioid phenotype, epithelioid SMCs have been considered to be candidates for 'atheroma-prone' cells. Importantly, increasing evidence has demonstrated the phenotype-specific effects of vasoactive agents, such as epidermal growth factor (EGF) [22] . Therefore, it is conceivable that glucose treatment has phenotype-specific effects on the proliferation of vascular SMCs. In the present study we investigated this possibility and the underlying mechanisms.
Materials and methods
D-glucose, D-mannitol, glucosamine, azaserine, phorbol 2,13-dibutyrate (PDBu), GF 109203X, AG1478, PD98059, bromodeoxyuridine (BrdU), propidium iodide (PI) and mouse monoclonal antibodies for smooth muscle α-actin and α-tubulin were obtained from Sigma-Aldrich Canada Ltd (Oakville, ON, Canada). Anti-mitogen-activated protein (MAP) kinase antibody was obtained from Calbiochem. Anti-p27 antibody and the antibody specific for phospho-p42/44 were from Cell Signaling Technology, Inc. (Danvers, MA, USA). Human recombinant EGF was purchased from UBI (Lake Placid, NY, USA). The antiBrdU antibody and anti-mouse and anti-rabbit secondary antibodies labelled with Alexa Fluor 488 or 647 and 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) were purchased from Molecular Probes (Eugene, OR, USA). Cell culture medium, RPMI 1640 and fetal bovine serum were from Invitrogen Canada Inc. (Burlington, ON, Canada). M. Walsh generously provided us with anti-h1-calponin antibody. MEK1 antibody was from Abcam Inc. (Cambridge, MA, USA). MEK1 SMARTpool small interfering RNA (siRNA) (L-091067-00) and non-specific control siRNA were purchased from Dharmacon (Lafayette, CO, USA). Trans-IT TKO transfection reagent was from Mirus (Madison, WI, USA).
Cloning of primary cultured SMCs and treatments Primary culture of rat aortic SMCs and cloning of two SMC phenotypes were performed as described previously [22] . Briefly, thoracic aortic tissues for primary cell culture were derived from male Sprague-Dawley rats (250-300 g), which were purchased from Charles River Laboratories (Senneville, QC, Canada). The animal use protocol was approved by the Animal Use and Care Committee at the University of Calgary. The tissue was cut into small pieces (1 mm 3 ) for explantation, and the explanted tissues were maintained in RPMI 1640 medium containing 10% (v/v) fetal bovine serum. SMCs were verified by detection of several differentiation marker proteins, such as smooth muscle α-and h1-calponin. Spindle-shaped and epithelioid SMCs were cloned using a limiting dilution cloning method as described [23] . Cloned cells were distinguished by their typical morphologies. Epithelioid, but not spindle-shaped, SMCs were further verified by their serum-independent cell growth. For cell starvation, cultured cells were maintained in medium containing 0.5% serum for 2 days. Cells were treated with glucose (25 mmol/l) with or without various pretreatments as indicated in the text.
Staining for incorporated BrdU in the nuclei SMCs cultured on coverslips were labelled with BrdU (10 μmol/l), a thymidine analogue, at 37°C for 60 min, followed by fixation and staining with anti-BrdU monoclonal antibody and a secondary antibody conjugated with Alexa Fluor 647 (Molecular Probes). The nuclei were counterstained with PI (5 μg/ml containing 200 μg/ml RNase), which was followed by laser scanning cytometry (LSC) analysis [24] .
LSC DNA analysis and studies of BrdU incorporation in response to various treatments were performed using LSC (CompuCyte, Cambridge, MA, USA) as described previously [25] . Briefly, cell monolayers were grown on coverslips and immunostained with anti-BrdU antibody and Alexa Fluor 647-conjugated secondary antibody, followed by counterstaining with PI for nuclear DNA as described above. Cells mounted on microscopic slides were located visually with a CCD camera attached to the LSC instrument. Detailed information on the LSC method has been published elsewhere [26] . Slides were scanned under ×20 objectives using both argon and helium lasers to excite the PI and Alexa Fluor 647 fluorochromes. Each slide was scanned randomly for three fields, and at least 1,000 cells in each field were scanned. The scanning data were acquired and analysed with WinCyte acquisition software (version 3.4; CompuCyte). The software displayed multiple data parameters in a series of data windows. We contoured each nucleus as a single event by PI staining as previously described [25, 26] . All scanned cells were used to generate the DNA histograms and the scattergrams for BrdU incorporation. The BrdU-positive cells were shown to have more total fluorescence in their nuclei, as demonstrated in the scattergram of total fluorescent intensity (Alexa Fluor 647 integral) vs total DNA content (PI integral). Since DNA content reflects the position in the cell cycle, we were able to observe cells in different cell cycle phases by measuring their DNA content. Therefore, cells, after labelling with BrdU, could be monitored for their movement in the cell cycle by measurement of incorporated BrdU.
Determination of cell growth Cells were seeded in 35-mm Petri dishes with 0.5×10 5 cells in each and cultured with medium containing 10% serum for 24 h. Cells were then maintained in medium containing 0.5% serum for 2 days, followed by treatment with or without glucose for an additional 3 days. Thereafter, cells were harvested and counted using a haemocytometer.
Knockdown of MEK1 by siRNA Cells were transfected with 100 nmol of either MEK1 SMARTpool siRNA (L-091067-00) or non-specific control siRNA using Trans-IT TKO transfection reagent according to the protocols recommended by the manufacturers. Knockdown of MEK1 was confirmed by western blotting. BrdU incorporation of transfected cells with and without high-glucose treatment was analysed using LSC.
Western blot analysis SMCs grown in 100-mm Petri dishes were lysed after various treatments, followed by protein extraction as described previously [22] . Equal amounts of protein from each sample (40 μg) were separated by 11% SDS-PAGE and transferred to nitrocellulose membranes.
Antibodies against total p42/44 MAP kinase, phosphospecific p42/44 MAP kinase, p27kip1 and MEK1 were used as primary antibodies to detect their respective proteins. Horseradish peroxidase-coupled secondary antibodies (1:2,500 dilution) were used with the ECL Detection Kit (Amersham Canada, Oakville, ON, Canada) as described previously [27] .
Detection of reactive oxygen species After treatment with and without glucose for 24 h, cells were loaded with carboxy-H2DCFDA (10 μmol/l) for 60 min, followed by 40 min recovery. Cells were then trypsinised and resuspended in PBS containing 4′-6-diamidino-2-phenylindole (DAPI; 5 μg/ml). Ten microlitres of cell suspension from each sample was mounted on the microscope slide and fluorescence intensity was determined using LSC, as described previously for flow cytometry [28, 29] .
Data analysis Data are presented as the mean±SEM. The number of replicates (n) is the number of cell samples used in the studies. Differences between means were evaluated by Student's t test (paired or independent) when two groups were compared, and by ANOVA followed by Bonferroni's correction when three or more groups were compared, using InStat3 (GraphPad, San Diego, CA, USA). p<0.05 was considered significant.
Results
Glucose treatment inhibits the proliferation of epithelioid SMCs To test whether glucose treatment has phenotypespecific effects on vascular SMCs, we cloned spindle-shaped and epithelioid SMCs from primary cultures of rat aortic SMCs, as shown in Fig. 1a ,b, respectively. As shown in Fig. 1c , epithelioid SMCs underwent serum-independent growth, and these cells had a higher production level of epidermal growth factor receptor (EGFR) compared with spindle-shaped cells, as we have described previously [22] . To examine the effects of glucose treatment, we cultured both epithelioid and spindle-shaped SMCs in starvation medium containing 0.5% serum for 24 h. Cells were then treated with or without 25 mmol/l D-glucose or equimolar D-mannitol for 3 days, followed by cell counting using a haemocytometer. The control cells were maintained in the regular medium containing 5 mmol/l glucose. The results in Fig. 1d show that the treatment with 25 mmol/l D-glucose, but not D-mannitol, significantly inhibited the proliferation of epithelioid SMCs. However, high-glucose treatment did not stimulate or inhibit the proliferation of spindle-shaped SMCs in absence of serum (Fig. 1e ) or in the presence of serum (data not shown). Therefore, we focused on our studies in epithelioid SMCs.
Glucose treatment inhibits DNA synthesis and increases production of ROSs in epithelioid SMCs, and glucosamine mimics the effect of glucose treatment Glucose treatment inhibited the proliferation of epithelioid SMCs in the absence of 10% serum. Therefore, we used LSC to analyse the cell cycle profile of the cells treated or not treated with glucose. Our results showed that glucose treatment caused cell accumulation in the G0/1 phase with a significant decrease in the number of cells in the S phase (Table 1) , suggesting inhibition of cell entry into S phase. We therefore examined DNA synthesis as indicated by BrdU incorporation rate. To do this, cells were first starved in medium containing 0.5% serum for 48 h and then treated with 25 mmol/l D-glucose for 24 h. After treatment, cells were pulse-labelled with BrdU for 60 min and the incorporated BrdU was detected and analysed using LSC, as described in Materials and methods. In Fig. 2 , panels a-c are representative scattergrams of LSC data showing inhibition of BrdU incorporation by glucose treatment. The summarised data indicate that glucose treatment significantly inhibited the incorporation of BrdU by epithelioid SMCs (Fig. 2d) . In addition, glucose treatment significantly increased the production of reactive oxygen species (ROS), as detected by LSC (Fig. 2e) . Similar results were obtained in three independent experiments.
In addition, we examined the effects of glucosamine, a glucose metabolite and product of the hexosamine pathway, because it mimics certain effects of glucose on vascular SMCs, such as the stimulation of growth factor gene expression [30, 31] . Our results showed that glucosamine (7.5 mmol/l) mimicked the effects of glucose treatment on the cell cycle profile (Table 1) and BrdU incorporation in epithelioid SMCs (Fig. 2) , suggesting that the effects of glucose acted through the formation of glucosamine. To confirm this, we pretreated cells with azaserine (5 μmol/l), an inhibitor of glutamine:fructose-6-phosphate aminotransferase before addition of glucose and then measured BrdU incorporation in epithelioid SMCs. Our results showed that azaserine reversed the inhibition of BrdU incorporation by glucose treatment but had no effect on glucosamineinduced inhibition (Fig. 2f) . These results suggested involvement of the hexosamine pathway in the phenotypespecific effects of glucose treatment on SMCs.
The PKC inhibitor GF 109203X inhibits the effects of glucose treatment and glucosamine Glucose treatment and glucosamine are known to stimulate PKC to contribute to glucose toxicity in the vascular system [32] . It is possible, therefore, that PKC inhibition will block the effects of glucose treatment and glucosamine. To this end, we examined the effects of GF 109203X, an inhibitor of PKC [33] . Our results showed that, in the presence of GF 109203X, treatment with glucose or glucosamine did not significantly inhibit BrdU incorporation (Fig. 3) . This suggested that activation of PKC mediates the effects of glucose and glucosamine. To seek more evidence to support this hypothesis, we examined whether activation of PKC using a PKC activator, PDBu (1 μmol/l), inhibited the incorporation of BrdU in epithelioid cells and mimicked the effects of glucose treatment and glucosamine. As expected, PDBu treatment significantly inhibited incorporation of BrdU by epithelioid SMCs (Fig. 4) . Importantly, our results showed that GF 109203X was also able to inhibit the effect of PDBu. Taken together, our data showed that glucose treatment and glucosamine inhibited BrdU incorporation in epithelioid SMCs in a phenotype-specific manner through activation of the PKC pathway.
The MEK inhibitor PD98059 blocks the inhibition of BrdU incorporation by PDBu, glucose and glucosamine Previous studies have shown that activation of PKC inhibits the proliferation of SMCs [34] [35] [36] . In epithelioid SMCs, activation of the PKC pathway by PDBu and glucosamine or glucose treatment results in inhibition of cell proliferation. In the same system, we have previously shown that activation of the MAP kinase pathway by EGF inhibits the proliferation of epithelioid SMCs [22] . This raises the possibility that PKC inhibition of cell proliferation acts through activation of the MAP kinase pathway. It is well known that PKC phosphorylates and stimulates RAF kinase in the MAP kinase pathway [37] [38] [39] [40] . Therefore, we tested whether inhibition of MEK downstream of RAF by the MEK inhibitor PD98059 prevents the inhibition of BrdU incorporation in response to treatment with PDBu, glucose or glucosamine. Our results showed that treatment with PD98059 prevented the inhibition of Significant difference compared with control: *p<0.05, n=4 Fig. 3 The PKC inhibitor GF 109203X prevents the inhibitory effects of glucose and glucosamine on DNA synthesis. Cells were starved for 2 days using medium containing 0.5% serum as described in Materials and methods, then treated with D-glucose (25 mmol/l) or glucosamine (7.5 mmol/l) for 24 h with or without pretreatment with GF 109203X for 30 min. Before fixation, cells were labelled with 10 μmol/l BrdU for 60 min, and were then stained for BrdU and LSC analysis as described in Materials and methods. The y-axis shows the BrdU incorporation rate of scanned cells. Significant difference compared with control:**p<0.01, n=4. Significant difference compared with cells treated with glucose or glucosamine: § § p<0.01, n=4 Fig. 4 Phorbol 2,13-dibutyrate (PDBu) inhibits DNA synthesis and this effect is inhibited by GF 109203X. Cells were starved for 2 days using medium containing 0.5% serum as described in Materials and methods. Then cells were treated with PDBu (1 μmol/l) for 24 h with or without pretreatment with GF 109203X for 30 min. At the end of treatment, cells were labelled with 10 μmol/l BrdU for 60 min, followed by staining and LSC analysis as described in Materials and methods. The y-axis shows the BrdU incorporation rate of scanned cells. Significant difference compared with control: **p<0.01, n=4
BrdU incorporation induced by glucose, glucosamine or PDBu (Fig. 5) .
To further establish the role of this pathway, we used siRNA to knock down MEK1 in epithelioid SMCs and then determined the effects of glucose treatment. Our data showed that siRNA transfection significantly reduced the level of MEK1, with a reduction of 75±5% compared with the cells transfected with control siRNA (n=3, p<0.01). Figure 6a shows the representative western blots. As expected, inhibition of DNA synthesis by glucose treatment, as indicated by BrdU incorporation, was significantly reversed by the transfection of MEK1 siRNA, but not control siRNA (Fig. 6b) Fig. 6 Knockdown of MEK1 by siRNA reverses glucose inhibition of DNA synthesis. Epithelioid smooth muscle cells were cultured using medium containing 10% serum, transfected with MEK1 siRNA or control siRNA as described in Materials and methods. After transfection for 48 h, cells were treated or not treated with glucose for 24 h in the presence of starvation medium, followed by BrdU labelling for 60 min and LSC analysis or protein extraction and western blot analysis. a Representative western blots to detect MEK1 and α-tubulin. b BrdU incorporation by smooth muscle cells transfected with and without MEK1 siRNA or control siRNA. The y-axis shows the BrdU incorporation rate of scanned cells summarised from LSC scattergrams. Significant difference compared with control: **p<0.01. Significant difference compared with high-glucose treatment alone: § § p<0.01 Fig. 8 Glucose treatment induces the production of p27. Cells were starved using medium containing 0.5% serum for 24 h, then treated with D-glucose (25 mmol/l) for 2 days in the presence or absence of PD98059 (10 μmol/l) or GF 109203 (1 μmol/l). Cells were lysed for protein extraction and western blot detection of p27 and smooth muscle α-actin as described in Materials and methods. a Representative western blot showing the production of p27 and smooth muscle α-actin. b Summarised data from three independent experiments. The abundance of p27 is shown relative to smooth muscle α-actin based on the densitometry measurements. Significant difference compared with control: **p<0.01, n=3. Significant difference compared with cells treated with D-glucose alone: § § p<0.01, n=3 Fig. 5 The MEK inhibitor PD98059 inhibits the effects of glucose, glucosamine and PDBu on DNA synthesis in epithelioid smooth muscle cells. Cells were maintained in medium containing 0.5% serum for 2 days and then treated with PDBu (1 μmol/l), D-glucose (25 mmol/l) or glucosamine (7.5 mmol/l) for 24 h with or without pretreatment with PD98059 for 30 min. Cells were then labelled with BrdU (10 μmol/l) for 60 min. The incorporated BrdU was stained and analysed using LSC as described in Materials and methods. The y-axis shows the BrdU incorporation rate of scanned cells summarised from LSC scattergrams. Significant difference compared with control: **p<0.01, n=4. Significant difference compared with cells treated with PDBu, high glucose or glucosamine alone: § § p<0.01, n=4 ment of the MAP kinase pathway in high glucose-induced inhibition of SMC proliferation.
In addition, one study reported that glucose treatment enhances transactivation of EGFR by G-protein-coupled receptor agonists, such as angiotensin II, suggesting a potential role of EGFR in the effects of glucose treatment [41] . Because our previous studies had shown that activation of EGFR activates the MAP kinase pathway, resulting in cell cycle arrest in epithelioid SMCs [22] , we examined whether inhibition of EGFR would change the effects of glucose treatment. Therefore, we pretreated cells with AG1478 and then determined the effects of glucose treatment. However, we did not observe any change in the effects of glucose treatment on BrdU incorporation (data not shown).
High glucose stimulates the phosphorylation of p42/44 MAP kinases Our previous studies have shown that activation of the MAP kinase pathway inhibits the cell cycle of epithelioid SMCs with upregulation of p27 [22] . To confirm that the observed effects of glucose treatment also act through this mechanism, we examined whether glucose treatment indeed stimulates the MAP kinase pathway. To do this, we chose to measure the phosphorylation of the p42/44 MAP kinases with or without glucose treatment. Our results showed that glucose treatment for 15 min stimulated the p42/44 MAP kinases, as indicated by an increase in their phosphorylation (Fig. 7) . Importantly, our results also showed that pretreatment with either the MEK inhibitor PD98059 or the PKC inhibitor GF 109203X prevented p42/44 phosphorylation. Furthermore, we examined the production of p27 in response to glucose treatment. Our results showed that the glucose treatment increased the level of p27 (Fig. 8) and that the MEK inhibitor PD98059 or the PKC inhibitor GF 109203X prevented the increase in p27.
Discussion
Taken together, our results reveal that glucose treatment selectively inhibits the proliferation of epithelioid SMCs, and that the mechanism underlying this phenotype-specific effect involves the hexosamine pathway, activation of PKC and subsequent stimulation of the MAP kinase pathway. This study may provide insight into the direct effects of hyperglycaemia on vascular SMCs in the pathogenesis of vascular complications in diabetes.
First, our data showing that glucose treatment inhibits the proliferation of epithelioid SMCs provides a mechanism to account for the observation in previous studies that hyperglycaemia decreases DNA synthesis in SMCs from balloon-injured arteries of type 1 diabetic rats or rabbits [17] [18] [19] . In response to balloon injury, the neointima will develop under the newly formed endothelium. It is known that cells derived from neointima lesions display an epithelioid phenotype [21] . Therefore, on the basis of our findings, the proliferation of cells contributing to neointima formation could be selectively inhibited by hyperglycaemia. This may be extended from the balloon injury model to atherosclerosis, in which neointima formation is an early event. Therefore, glucose treatment alone may inhibit the development of proliferative vascular diseases.
Second, phenotype-specific effects partially explain the previously published controversial data showing that glucose treatment does not stimulate SMC proliferation [11] [12] [13] [14] 42] . The lack of effect of glucose treatment could have been due to the use of spindle-shaped SMCs, because we showed that this cell phenotype was not responsive to high-glucose treatment. In addition, it has been speculated that the mechanism by which high glucose levels stimulates SMC proliferation depends on the animal species from which the SMCs were derived and the different conditions used for cell culture [42] . However, we would favour a hypothesis involving a third SMC phenotype that may have proliferative responses to glucose treatment. Nevertheless, our present study has reinforced the importance of considering the heterogeneity of SMCs in the determination of the direct effects of hyperglycaemia on SMCs in diabetes.
To our knowledge, it has never been reported that glucose treatment inhibits SMC proliferation. We have now revealed that inhibition of SMC proliferation by glucose treatment involves PKC activation and that this effect is also phenotype-specific. Although activation of PKC by glucose treatment could be mediated by the production of diacylglycerol, our data showing that glucosamine mimics the inhibitory effect of glucose treatment on SMC proliferation and that inhibition of glutamine:fructose-6-phosphate aminotransferase reverses this effect strongly suggest involvement of the hexosamine pathway in activation of PKC and the effects of glucose treatment on SMCs. In addition, the increase in ROS production induced by glucose treatment was reported to promote the formation of glucosamine through the hexosamine pathway [43] . Therefore, our data showing that glucose treatment increased the production of ROS in epithelioid SMCs further support the involvement of the hexosamine pathway. These results are also consistent with data in the literature showing that an increase in ROS production concurs with PKC activation in response to glucose treatment [44] .
How glucosamine stimulates PKC remains unknown, but our conclusion that the activation of PKC by glucose treatment inhibits SMC proliferation is well supported by previous studies. For example, PDBu and 1,2-dioctanoylglycerol both potently inhibited serum-stimulated DNA synthesis and cell population doubling of SMCs [34] . In addition, overexpression of PKCδ [35] or PKCα [36] inhibits SMC proliferation as well. It is interesting to note that activation of PKC also stimulates SMC proliferation [45] . The different PKC isozymes are thought to have distinct functions regarding the phosphorylation of specific substrate proteins [46] . Evidence to date suggests that each PKC isozyme has a distinct role in the proliferation of nonmuscle cells. For example, overexpression of PKCδ in NIH 3T3 cells induces inhibition of cell proliferation, but PKCɛ stimulates cell proliferation [47] . In addition, overexpression of PKCα inhibits proliferation and induces differentiation in melanoma cells [48] .
How does activation of PKC inhibit SMC proliferation? It has been shown that the G1/S inhibition is mediated by PKCα and PKCɛ [34] . Overexpression of PKCδ arrests SMCs in G1, mainly by inhibiting the production of cyclin D1 and cyclin E and increasing the production of p27 [35] . However, our study has revealed a novel mechanism involving activation of the MAP kinase pathway and p27 induction. This mechanism is supported by at least two previous studies. First, in mesangial cells, glucose treatment upregulates p27 by activation of the MAP kinase pathway, leading to cell hypertrophy [49] . In addition, the MAP kinase pathway can mediate growth inhibition and proliferation in SMCs depending on the availability of downstream targets [50] . Our previous study showed that activation of the MAP kinase pathway upregulates p27 and arrests the cell cycle of epithelioid SMCs [22] . It has been established that MAP kinases ERK1 and ERK2 phosphorylate p27 at serine(178), increasing its production [49] .
Activation of the MAP kinase pathway in response to glucose treatment results in inhibition of SMC proliferation. We have tried to address how glucose treatment stimulates the MAP kinase pathway. Glucose treatment is well known to regulate the expression of growth factors. For example, through metabolism to glucosamine, glucose stimulates the gene expression of TGF-α [30, 31] . In addition, glucose treatment is reported to enhance the transactivation of EGFR [41] , suggesting potential involvement of EGFR in the observed effects of glucose treatment. However, the lack of effect by the EGFR inhibitor AG1478 in our study does not support the hypothesis that the effects of glucose treatment are mediated by upregulation of TGF-α or transactivation of EGFR. Additionally, PKC is well known to phosphorylate and activate RAF, a serine/threonine kinase upstream of MEK [37] [38] [39] [40] . Our data showing that the MEK inhibitor PD98059 inhibits the effects of glucose, glucosamine and PDBu support the speculation of crossactivation of Raf, but more studies will be required to confirm this possibility or to investigate other potential mechanism(s).
Finally, our study has raised the question of whether hyperglycaemia has a beneficial effect on proliferative vascular disease. Our in vitro studies cannot address this question. Although epithelioid SMCs have higher proliferation and migration activities, we do not know whether these activities are required for repair or remodelling, for example, after balloon injury. Since the roles of epithelioid cells in atherogenesis have not been established in vivo, we cannot draw a conclusion about whether or not the phenotype-specific effect of glucose treatment contributes to vascular complications of diabetes. However, our present study has provided the first evidence that hyperglycaemia has phenotype-specific effects on vascular SMCs.
